Abstract The possible correlation between the circadian and episodic release of corticotropin-releasing hormone 41 (CRH41) in male rats was explored in a comparative study, including the measurement at 0700 hr and 1700 hr of (1) the quantitative parameters of the episodic release pattern of CRH41 into the push-pull-cannulated median eminence (ME); (2) CRH41 content measured by radioimmunoassay in the hypothalamus, and immunocytochemically in the ME; and (3) plasma adrenocorticotropic hormone (ACTH). The data showed that in early evening, the 3.4-fold rise in plasma ACTH coincided with a doubling of CRH41 content in the hypothalamus and in the ME, and of the CRH41 release from the perfused ME. The immunocytochemical data further indicated that the ME area labeled with CRH41 immunoreactivity, rather than the labeling intensity of CRH41-stained neurons, increased in the evening, which may point to an evening recruitment of additional CRH41-producing neurons as the origin of the evening increment in CRH41 and ACTH releases. Finally, the computerized analysis of the CRH41-releasing pattern with three different algorithms (Pulsar, Ultra, and the Santen and Bardin algorithm) showed for the first time that the evening rise in CRH41 output was associated with correlative increases of three parameters of the episodic pattern&mdash;peak amplitude (+ 55% to + 80%), peak duration (+ 20%), and mean absolute peak values (+ 73%)-while the pulse frequency remained at the baseline level of 3 cycles &middot; hr -1 . The data suggest the occurrence of a connection between the circadian pacemaker and the machinery generating the episodic release of CRH41.
It is now generally agreed that most hormonal secretions display rhythmic patterns, even though both their pacemaker mechanisms and their physiological significance are still actively debated (for a review, see Hastings, 1991) . The theory of a circadian pacemaker was first proposed for the diurnal fluctuations in plasma corticosterone (Halberg, 1959) , and has gradually been extended to most endocrine systems in humans and animals (Krieger, 1979; Hastings, 1991) . Similarly, closer inspection of hormonal secretions measured at short intervals in individual subjects revealed the occurrence of ultradian (i.e., shorter than circadian) secretory patterns. This was first shown for growth hormone (GH) (Hunter and Rigal, 1966) , cortisol (Weitzman et al., 1966) , and oxytocin (OT) (Folley and Knaggs, 1966) release. This new concept of episodic or pulsatile hormonal secretion spread rapidly to include most peripheral hormones, although this type of secretion is sometimes restricted to specific physiological conditions (for a review, see Robinson and Dyers, 1988) .
Recent technical advances, such as portal vessel cannulation or push-pull cannulation of the median eminence (ME), have made the adenohypophysiotropic neurohormones accessible. This has led to the demonstration in various species of pulsatile releasing patterns for gonadotropin-releasing hormone (GnRH) Ramirez, 1980, 1982; Clarke and Cummins, 1982) , somatostatin (Kasting et al., 1981; Arancibia et al., 1984; Plotsky and Vale, 1985) , GH-releasing hormone (GHRH) (Plotsky and Vale, 1985) , and corticotropinreleasing hormone 41 (CRH41) (Ixart et al., 1987 (Ixart et al., , 1991 .
Many questions concerning the mechanisms underlying both the circadian and the pulsatile rhythmicities of neurohormonal secretions remain unanswered. However, recent improvements in the push-pull perfusion technique in the ME, and a more sensitive CRH41 1 radioimmunoassay (RIA) developed in our group (Ixart et al., 1991) , have made it feasible to examine the possible correlation between the circadian and episodic release patterns of CRH41, the major corticotropin-releasing factor driving ACTH secretion.
MATERIALS AND METHODS
Experiments were performed on adult male Sprague-Dawley rats of the OFA strain (IFFA CREDO, Lyon, France) weighing 240-280 g at the beginning of the study. They were housed individually in a soundproof facility with controlled temperature (21 ° ± 1 °C) and light schedule (LD 12:12;  lights-on at 0700 hr), and were fed commercial pellets (UAR, Paris) and water ad libitum. The rats were transferred next door to the experimental laboratory for environmental adaptation 1 week before the onset of each of the three experiments.
PUSH-PULL PERFUSION OF THE ME Rats were anesthetized with Equithesin (4 g/kg), and a push-pull cannula (0.5 mm outer diameter for the pull tube, and 0.13 mm for the push tube) was stereotaxically implanted into the ME according to previously described coordinates (Ixart et al., 1987) . The surgery was performed 2-5 days before the perfusion sequence, to avoid the side effects of surgical stress. The rats were also handled each day to minimize stress. The push-pull perfusate (artificial fluid containing 145 mM NaCl, 3.5 mM KCI, 1.3 mM CaCl2, and 1.0 mM MgCl2) was perfused at a flow rate of 13 p,l/min. Under these standard experimental procedures, we have previously estimated that the amount of ME tissue perfused is approximately 10% of the capillary network collected by the portal vessels (Arancibia et al., 1984) , and we have shown that the plasma levels of ACTH return to baseline a few days after implantation of the cannula (Ixart et al., 1987) .
Perfusion was started either at 0700 hr (immediately after lights-on) or at 1700 hr, and continued for 120-180 min. Each rat was perfused twice on the same day, the first sample being taken randomly either in the morning or in the evening. Perfusates were collected for 5 min (65~Ll) in polystyrene tubes containing 5 ,...1 Aprotinin (Sigma) to avoid peptide hydrolysis, and were placed in an ice bath. Samples were immediately Speed-Vac-dried and stored at -30°C.
After the end of each experiment, the ME area was checked histologically to verify the cannula implantation. Rats with an incorrectly placed cannula or with ventricle hemor-rhage were discarded, as were those that could not be perfused. A total of six rats went successfully through the whole experimental procedure. The specificity of the immunoreaction was checked by incubating control sections with the primary antiserum previously immunoadsorbed with its specific antigen for 4 hr at room temperature (synthetic CRH41 diluted antiserum [2 >g/m1]; Peninsula Laboratories, Belmont, MA).
The differences in the immunostaining patterns between the groups sacrificed at 0700 hr and 1700 hr were quantified on original film negatives by a modification of the method developed by Agnati et al. (1978) . Briefly, immunofluorescent sections were photographed on Tri-X Kodak film under constant conditions of fluorescent illumination (HBO 200 highpressure mercury lamp; excitation filter I2, 450-490 nm; selection filter 515 nm), magnification ( x 16 objective), and exposure (45 sec). The original negatives were placed on a viewing box under constant illumination and analyzed with a semiautomatic image analyzer (DATA-SUD System) coupled to a Sanyo CRX-1100 computer. Each negative was analyzed within the same frame of 500 x 500 p,m centered on the ME.
The axonal immunostaining was measured in five to eight sections covering different areas of the ME in each of the rats sacrificed at 0700 hr and at 1700 hr. The labeled area per tissue section and the intensity of axonal labeling were quantified on each negative. ME areas were considered to be labeled with immunoreactivity when the grey tone values were greater than those measured outside the ME. Each measurement was performed on three 20-fLm-square areas on the same section and compared to similar unlabeled control areas. The labeled ME area was then expressed as a percentage of the total ME area analyzed.
Labeling intensity was estimated as the average of grey tone values in the labeled zones of the external ME, and was corrected for nonspecific variations The artificial perfusion medium did not interfere with the CRH41 assay at the volume used. The intra-assay and interassay variabilities were carefully checked at multiple points along the standard displacement curve, using pools of rat CRH41 diluted in the artificial medium. The intra-assay coefficient of variation (CV) was 6-17% and the interassay CV was 10-12% for 10 pg.
ACTH ASSAY Rat plasma ACTH was assayed using RIA kits (CEA-Oris, Saclay, France) with synthetic human 1-39 ACTH as antigen and standard hormone. The lowest detectable plasma ACTH concentration was 5 pg/ml, and the intra-and interassay CVs were 4.7% and 9.7%, respectively.
ALGORITHMS ANALYSIS
Variations in the episodic release of CRH41 were detected by analyzing the data with the three different algorithms used in our previous study (Ixart et al., 1991) , as well as in the reference study of Carnes et al. (1989) on ACTH pulsatility. Our selection of algorithmic methods was based on the comparative reviews of Merriam (1986 Merriam ( , 1987 , and on the extensive study of Urban et al. (1988) , which compared for plasma luteinizing hormone pulse analysis the eight most representative discrete-pulse analysis programs for peak detection concordance and discordance. Urban et al. were led to discern four groups of peak detection algorithms with different but similar performance. Our three selected programs belong to the identified subgroups; they defined individual CRH41 peaks within the 78-88% concordance range, the Ultra program yielding an intermediate frequency evaluation.
1. Modified Santen and Bardin (1973) Immunostaining with a rat CRH41 antiserum of the ME of two rat specimens sacrificed, respectively, at 0700 hr (A) and 1700 hr (B). Sections (10 )JLm) were stained simultaneously in the same procedure. CRH41 immunolabeling was substantially higher in the rat killed at 1700 hr than in the rat sacrificed at 0700 hr. V, third ventricle. G x 60.
pictures (Fig. 1) . Whatever the time of sacrifice, a dense aggregation of nerve processes and terminals was stained with antisera against CRH41 throughout the external ME. However, ir-CRH41 always appeared to be more abundant in animals sacrificed in late afternoon than in those killed in the morning. The quantitative evaluation of the immunostained ME provided an estimation of both the relative labeling of the ME expressed as a percentage of the whole ME explored and corresponding to the amount of immunoreactive ME terminals, and the labeling intensity of the immunostained ME area (i.e., the immunoreactive content of the stained nerve fibers, expressed in arbitrary units). The labeled ME area (i.e., the number of labeled fibers) was much greater in rats killed in the late afternoon than in those killed in the morning, but the labeling intensity of nerve processes and terminals (i.e., in the immunoreactive content of labeled nerve terminals) was the same (Table 1) .
EVENING VERSUS MORNING LEVELS OF HYPOTHALAMIC CRH4]
CONTENT, IN VIVO CRH41 RELEASE INTO THE ME, AND PLASMA ACTH Table 2 summarizes the differences between morning (0700 hr) and evening (1700 hr) levels of (1) CRH41 hypothalamic content (respectively, 1094 ± 53 versus 2425 ± 132 pg/ hypothalamus), (2) CRH41 release into the ME (14.6 ± 0.8 versus 26.2 ± 1.3 pg/15 min), The data demonstrate that the 3.4-fold evening rise in plasma ACTH levels above the morning baseline was closely correlated with an evening increment in the hypothalamic concentration of CRH41, the cytochemically revealed concentration of ir-CRH41 in the median eminence (Table 1) , and the CRH41 release in the ME of push-pull-cannulated unanesthetized rats. The close correlations between an approximately twofold evening rise in both hypothalamic tissue CRH41 content and the CRH41 release into ME-implanted push-pull cannulas, together with the cytochemically estimated extension of ir-CRH41-labeled fibers in the ME, also indicate that the CRH41 neurons produced significantly more hormone in the hypothalamus and secreted more into the ME in the evening.
EVENING AND MORNING PARAMETERS OF CRH41 EPISODIC RELEASE All the rats studied showed an episodic CRH41 release with the characteristic pattern described earlier (Ixart et al., 1991) , and displayed more or less irregular episodes of increased secretion followed by short sequences of low and sometimes undetectable CRH41 release. Figure 3 shows CRH41 episodic release into ME perfusates of two individual rats sampled for 2-3 hr, either in the morning (immediately after the onset of the light phase) or in the evening (2 hr before lights-off); mathematical parameters of this release are summarized in Table 3 and Figure 4 . In agreement with Urban et al. 's (1988) conclusions, the three algorithms used provided different but concordant results: The mean interpeak values, indicating the pulsatility frequency, were similar in the evening and in the morning (20.3 ± 0.9 min), thus indicating a steady frequency for peak episodes of 2.95 ± 0.13 cycles hr-1 along the diurnal rhythm. On the other hand, both the estimated length and the amplitude of the episodic peaks were greater in the evening than in the morning samples. The increase in peak length was 15% (Pulsar) or 22% (Ultra), and the increase in peak amplitude was 57% (Ultra), 60% (Pulsar), or 29% (Santen and Bardin) . Even though the mean nadir values of the CRH41 episodes were significantly augmented in the evening (p < 0.01), the evening rise in peak amplitude appeared essentially related to a 73% elevation of the mean absolute peak values measured in the evening, which itself originated in an increased number of (Ixart et al., 1977) -the diurnal 3.4-fold rise in plasma ACTH coincides with a doubling of the CRH41 content in the hypothalamus and in the ME, and in CRH41 released from the perfused ME of unanesthetized rats. The immunocytochemical data further indicate that the area of the ME labeled with CRH41 increases in the evening, whereas the labeling intensity of CRH41-stained neurons does not change. This suggests that the evening stimulation of CRH41 release probably results from recruitment of CRH41-producing neurons, rather than from increased CRH41 synthesis by individual neurons. Taken together, these data point to a significant rise in both CRH41 production and release in the evening, at the least as a major central nervous system output driving the circadian ACTH rhythm. They also support earlier indirect arguments showing that immunoneutralization with ovine CRH41 (Ixart et al., 1985) or rat CRH41 (Bagdy et al., 1991; van Oers et al., 1991) blunts the circadian ACTH rhythm. The concentration of the CRH41 messenger RNA precursor in the paraventricular nuclei indicates quite early stimulation of the CRH41-producing machinery, starting in the morning and culminating in the evening (Kwak et al., 1992) , at about the time when the hypothalamic accumulation of the processed neurohormone and its release at the neurohemal junction were measured in the present study.
Previous studies have shown that, as is the case for other pituitary hormones, the in vitro stimulation of ACTH release requires a pulsatile rather than a sustained input of CRH41 1 (Evans et al., 1985) ; this may fit the general principle that a pulsatile pattern of hormone levels in the interior milieu prevents target cell hormone receptors from being desensitized. However, the present study provides the first evidence in rats of a correlation between the evening rise in the CRH41 output in the ME and a significant change in two parameters of neurohormone episodic release-the peak amplitude ( + 57% to + 79%, depending on the algorithm used), and the peak duration (about + 20%)-while the pulse frequency remained at baseline levels of about 3 cycles -hr-'. These results correlate well with those of Cames et al. (1989) , who used the same algorithms to estimate the diurnal plasma ACTH profiles of individual rats. These authors showed micropulses of ACTH with a stable frequency of 3.2 ± 0.4 cycles -hr-' throughout the circadian cycle, although the mean peak amplitude doubled in the evening. These characteristics are quite similar to those measured here for CRH41 pulsatility, which strongly suggests a causal relationship between both pulsatile patterns and their daily variations along the hypothalamic-pituitary axis.
From a physiological viewpoint, an episodic pattern of hormonal release implies close synchronization of the exocytotic processes in a number of homologous endocrine cells: The more cells secreting synchronously, the more regular the profiles of recurrent hormonal pulses. Two pulsatile neurohormonal systems have been well documented so far: the OT and the GnRH systems. The pulsatile pattern of OT release occurs only under two particular conditions, parturition and suckling, and has been directly correlated with a synchronous bursting electrical activity involving the whole population of OT neurons within the four magnocellular nuclei of the anterior hypothalamus (Richard et al., 1988) . GnRH is also released in a pulsatile pattern under particular conditions of sex steroid feedback, and in some instances GnRH pulsatility is associated with phasic increases in electrical activity in the hypothalamic areas that contain most GnRH-producing neurons in monkeys, rats, and sheep (for a review, see Lincoln, 1988 (Ixart et al., 1985; Barbanel et al., 1990) .
